tion interaction between the Pacific Northwest and the eastern USA is well documented for total seed yield
convergent-divergent selection at a range of diverse nontarget locations was responsible for increasing the M ost forage crops, including orchardgrass, have frequency of a diverse array of alleles for seed productwo distinct commodities: forage and seed. Betion of orchardgrass, resulting in increased seed produccause orchardgrass cannot be grown for forage without tion in the target environment (Barker et al., 1997) . first generating seed to be used for planting, these two Conversely, single-location selection for the same traits commodities are inextricably interdependent. As a forin the same germplasm pools resulted on no gains in age crop, orchardgrass is widely grown from eastern Oregon seed yield, likely because of the genotype ϫ Canada to the eastern and midwestern USA (Christie location interaction that exists between Oregon and the and McElroy, 1995) . Orchardgrass is most widely grown eastern USA. as a seed crop in the Willamette Valley of Oregon, an These previous studies provided a critical comparison area uniquely suited for seed production of numerous of convergent-divergent selection with single-location perennial, cool-season grasses, because of its mild winselection as a control, effectively comparing progress ters, cool summers, and favorable timing of precipifor a multistate, collaborative effort vs. one breeder with tation.
one selection location. However, these studies did not Because forage and seed production environments address the issue of selection in target vs. nontarget do not overlap, orchardgrass breeders are located within environments, providing a direct comparison between one or the other region. Because of the expense and the progress that could be achieved by a breeder in inconvenience of distant test sites, orchardgrass breedOregon vs. the multistate collaborative effort. To do ers have traditionally focused efforts on forage traits if this, we resampled the original germplasm pools and located in a forage production region and seed traits if practiced two cycles of single-location selection at a located in a seed production region. Thus, new cultivars representative location in Oregon. The objectives of bred in the eastern or central USA are not necessarily this study were to evaluate and compare two cycles good seed producers and vice versa. Genotype ϫ locaof recurrent phenotypic selection for increased panicle seed mass and agronomic traits using two selection produced on each crossing block in the first year after transplanting by compositing an equal amount of seed from each sions (6%). Population MO2 is a six-clone synthetic, whose parents were selected for resistance to stem rust and derived plant in the crossing block. In addition, fresh seed of the original four germplasm pools was produced by allowing unsefrom old pastures in Missouri. Population PLS4 is a composite of the progenies from fourth-cycle selections for resistance lected C0 plants in the 800-plant C1 selection nurseries to intercross and produce seed in 1993, 1 yr after the completion to purple leaf spot (caused by Stagonospora arenaria Sacc.) (Zeiders et al., 1984 of the original germplasm pool (C0). Plots were seeded in 2. Seeds produced on selected plants at each location were drilled rows approximately 10 cm apart. Plot size was 0.9 by bulked in equal quantities.
3.0 m at Arlington, Ames, and Rock Springs, and 1.5 by 6.0 m 3. Location bulks were gathered together at a single locaat Nappan. Seed samples of each population were tested for tion and used to create three-location-bulks to begin the germination and purity using the blowing method of Everson second cycle. Seeds used to begin Cycle 2 were produced and Hotchkiss (1977) . The seeding rate was 13.4 kg pure live on plants selected at the three other locations, ensuring seed (PLS) ha Ϫ1 . that the progeny of Cycle 2 had parents and grandparents Plots were clipped two or three times during the seeding that were selected at two different locations. This apyear. Nitrogen fertilizer was applied in spring 1998 and 1999, proach is termed convergent-divergent selection (Casler and after harvests one and two in 1998 and 1999, at a rate of et al., 1997b) . 90 kg N ha Ϫ1 . Applications of P and K fertilizer were made according to soil-test results. Plots were harvested three times The target-environment (TE) selection protocol was identiper year in 1998 and 1999 with a flail-type harvester. A 300-cal to the NTE selection protocol with two exceptions. First, to 500-g subsample of harvested forage was collected and dried selection was practiced only at Corvallis, OR, so that seed at 60ЊC in a forced-air dryer for dry-matter determination. The bulks of each cycle were simple bulks of all plants selected in entire plot was harvested at all locations except Nappan, for that cycle. Second, the agronomic traits that were used in which a 1.0-m swath was harvested from the middle of each Stage I differed between TE and NTE selection. In TE selecplot. tion, Stage I selection was for high panicle number and resistance to stripe rust (caused by Puccinia striiformis Westend.). In NTE selection, the agronomic traits were plant vigor, head-
Evaluation of Selection Progress for Seed Production
ing date, and disease reaction (Casler et al., 1997b) . Stage II The 20 populations and six cultivars were planted at Aurora selection and all other aspects of TE selection were identical (May 1997) and Corvallis (April 1997), OR for seed producto NTE selection as described by Casler et al. (1997b) . tion evaluation. The soil types were Willamette silt loam (fineTwo cycles of TE selection were performed at Corvallis, silty, mixed, superactive, mesic, Pachic Ultic Argixerolls) at OR in 1991 through 1994. The first year of each cycle involved Aurora (45Њ17Ј N, 122Њ45Ј W), and Woodburn silt loam (finetransplanting and grow-in of spaced plants. The second year silty, mixed mesic, Aquultic Agrixerolls) at Corvallis (44Њ38Ј N, of each cycle involved selection and seed production. The two 123Њ12Ј W). Data were collected on plots in 1998 and 1999 at cycles of TE selection created four C1 and four C2 populations, both locations and 2000 at Corvallis. one for each germplasm pool. A random sample of Syn-1 seed
The experimental design was identical to that described of the eight TE-selected populations and the comparable eight above, except for plot size. Plots were four 7-m rows, spaced NTE-selected populations (Casler et al., 1997b ) was used to establish 16 spaced plantings of 800 plants each at Corvallis, 0.45 m within plots and 0.9 m between plots. Alleys between plot ranges were 6 m wide and maintained as bare soil througha horizontal-belt thresher. Seed was cleaned through a seed scalper to remove excess straw followed by two passes through out the experiment. Plots were seeded with 120 PLS m Ϫ2 . This seeding rate reflected an average commercial rate of 5 kg PLS an M2B seed cleaner (Crippen Intl., Dallas, TX 
Data Analysis
as a complete blend before seeding in 1997. Thereafter, fertilData were analyzed by analysis of variance using the splitizer was applied in split applications; 33 kg N ha
Ϫ1
, 18 kg P plot-in-time model (Steel et al., 1996) . All factors were asha Ϫ1 , and 31 kg S ha Ϫ1 as ammonium phosphate sulfate in the sumed to be random, except populations. Selection responses fall (mid-November 1997 (mid-November , 1998 (mid-November , and 1999 and two applications were computed by linear regression of cycle means on cycle of 62 kg N ha Ϫ1 as urea in the spring (early March and midnumber and tested as contrasts within the analyses of variance. April 1998 April , 1999 April , and 2000 . Irrigation was applied immediately after seeding and at short intervals thereafter in 1997 for establishment. Irrigation was not applied after 1997. Weeds
RESULTS AND DISCUSSION
were controlled with applications of 0.28 kg a.i. was significant (Table 1) . Thus, selection for PSM in in TSY as a result of selection. Selection for increased panicle density during Stage I of TE selection may have the target environments was generally more successful than in the nontarget environments, despite the use of been responsible for the increased TSY of PLS4. As with PSM, the pooled response for TSY was sigmultiple nontarget locations.
Seed yield responses to NTE selection were reduced nificant for TE selection, but not for NTE selection (Table 2) . Furthermore, despite the apparently different in the Syn-2 generation (Table 2) compared to the Syn-1 generation (described by Barker et al., 1997) for all mechanisms by which TSY was increased in the four populations undergoing TE selection, their selection repopulations except MO2. In the Syn-1 generation, WO11 increased in TSY similar to MO2 (Barker et al., sponses were remarkably homogeneous, lacking significance in only one population, likely due to insufficient 1997), but declined significantly due to recombination between Syn-1 and Syn-2. For I79DT and PLS4, TSY replication. Thus, selection for TSY in Oregon is more effective in Oregon than in the eastern USA, despite responses were not significant in Syn-1 (Barker et al., 1997) and significantly negative in Syn-2. Thus, similar the use of multiple eastern-USA locations. While multilocation selection, in the form of convergent-divergent to results for PSM, orchardgrass seed yield is highly sensitive to the breakup of inter-and/or intraallelic assoselection, can overcome part of this genotype ϫ location interaction for TSY (between the Pacific Northwest and ciations by recombination.
Much of the variation in TSY was associated with the eastern USA), it remains less efficient than selection in the target environments per se. Furthermore, the PSM, with a phenotypic correlation coefficient, r ϭ 0.69 (P Ͻ 0.01), between the two traits. Increased TSY for multi-location selection effort required an unprecedented amount of coordination, cooperation, and com-MO2 from NTE selection and for MO2 and WO11 from TE selection (Table 2) was due largely to increases in mitment, a result that is not practical, efficient, or sustainable in a forage-grass breeding program. PSM (Table 1) . Similarly, decreased TSY of PLS4 from NTE selection was due to decreased PSM. Conversely, Both TE and NTE selection resulted in significant responses to later anthesis for all four populations (Taincreased TSY of PLS4 from TE selection and decreased TSY of I79DT from NTE selection could not be exble 3). For NTE selection, these results were as observed previously, in both forage and seed production environplained by changes in PSM. Thus, other traits, such as seed mass or panicle density can contribute to changes ments, although the responses were greater in the Syn-1 generation (described by Barker et al., 1997; Casler et anthesis date, suggesting that any unconscious selection for later anthesis had little or no effect on the observed al., 1997a,b). Changes in mean anthesis date, measured on the Syn-2 generation, were similar for all populations changes in PSM or TSY, apart from a possible reduction in heritability. and for the two selection methods. A trend toward later maturity in selected populations, regardless of the selecBoth TE and NTE selection resulted in some increases in plant height, although this occurred more frequently tion criterion, was observed for other orchardgrass populations undergoing half-sib family selection (Casler et and more consistently in the populations created by TE selection (Table 4) . Increases in plant height were relaal., 2002). Taken together, these results suggest that selection responses toward later anthesis are probably tively small and may be related to delays in anthesis, also likely caused by unconscious selection. Plant height and the result of unconscious selection for later maturity. This may have resulted from the delay of seed harvest anthesis date had a relatively high phenotypic correlation across the 30 populations evaluated in this study until the first signs of seed shattering, reducing TSY and PSM on the earliest maturing plants and unconsciously (r ϭ 0.78, P Ͻ 0.01).
The evaluation of NTE selection in the Syn-1 generabiasing selection toward later maturity. Such an effect would obscure some of the true genetic differences tion revealed some coincidental decreases in reaction to stem rust and crown rust (caused by Puccinia coronata among plants for PSM, perhaps reducing heritability and genetic gains for PSM. The similarity of shifts toCda.) (described by Casler et al., 1997a) . This was not observed with stripe rust in this study. One population, ward later heading from both TE and NTE (Table 3) and in another study (Casler et al., 2002) supports the I79DT, showed a significant increase in stripe rust reaction from NTE selection (Table 5 ), but did not show hypothesis above. The initial signs of seed shattering is often used as a rapid indicator of seed ripening (Casler any selection response to stem rust or crown rust in the previous study (Casler et al., 1997a) . Although no TE et al., 1997b) . The shifts in anthesis date were unlikely a result of selection for stripe rust reaction, because the selection responses for stripe rust were significant at PϽ0.05, they were remarkably similar across populatwo traits had a positive phenotypic correlation across the 30 populations evaluated in this study (r ϭ 0.36, tions, resulting in statistical significance across the four populations. This was not surprising, as stripe rust reac-P Ͻ 0.05). Panicle seed mass was not correlated with tion was one of the agronomic selection criteria for driven. Because orchardgrass is a dual-commodity crop, TE selection.
this does not settle the issue of which market-forage The responses of forage yield to NTE selection were or seed-will or should drive the orchardgrass economy. very parallel in Syn-1 (described by Casler et al., 1997a) If new cultivars can be successfully marketed with imand Syn-2 (Table 6 ). Both MO2 and WO11 showed proved forage traits, then convergent-divergent selecsignificant increases in forage yield, although the Syn-2 tion for PSM and agronomic traits at multiple and diresponses were approximately one third as large as obverse locations (provided resources are adequate) can served in the Syn-1 generation (Casler et al., 1997b) .
lead to improvements in forage yield without sacrificing The positive and reasonably similar magnitude of forage Oregon seed yield. However, if forage producers are yield selection responses for NTE selection resulted in not inclined to purchase seed of cultivars with improved a significant pooled response across populations. Conforage traits, the orchardgrass market will be exclusively versely, TE selection did not lead to significant changes driven by seed producers, eliminating the need for in forage yield of any population, nor in the pooled rebreeding orchardgrass as a forage commodity. Likewise, sponse.
orchardgrass cultivars with "improved forage traits" should possess sufficient improvements, adequately documented, so as to present a clear choice to forage pro-
CONCLUSIONS
ducers. Selection exclusively in Oregon is unlikely to Our previous research demonstrated that it was possiprovide such an improvement. ble to simultaneously improve forage yield and seed yield of orchardgrass using a multi-location selection REFERENCES system in forage production environments. The current research builds on those observations, by demonstrating due to other (undetermined) seed yield components.
1997b. Convergent-divergent selection for seed production and Unlike selection in multiple forage production environforage traits in orchardgrass. I. Direct selection responses. Crop ments, selection for seed production in Oregon failed Sci. 37:1047 Sci. 37: -1053 to result in changes to forage yield across four forage from Barker et al. (1997) and Casler et al. (1997a, b) , Crop Sci. 40:1019 -1025 suggests that the optimal solution to the dual commodity routinely utilizes simultaneous and/or tandem selection Godshalk, E.B. 1984 . Genotype, environment, and genotype ϫ environment interaction effects on orchardgrass seed and forage probetween Oregon and the eastern USA will be market
